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ABSTRACT 
cu 
r- r- Capture c ross  sec t ions  are ca lcu la ted  for  ion-polar molecule c o l l i -  
~n s ions  of interest  i n  mass spectrometry. These.cross  sec t ion  predic t ions  
& a r e  i n  r e l a t i v e l y  good agreement with experimental da ta  on r eac t ion  c ross  
sec t ions .  
p l o t t e r  techniques.  The i n t e r a c t i o n  p o t e n t i a l  cons i s t s  of a hard-sphere 
term plus  the a t t r a c t i v e  po la r i za t ion  and ion-dipole terms. Multiple 
r e f l e c t i o n s  corresponding t o  formation of long-lived complexes occur off 
the  hard-core b a r r i e r  a t  small  ion-molecule separa t ions .  Multiple- 
r e f l e c t i o n  times are 10 t o  500 times corresponding values  f o r  s i n g l e  re- 
f l e c t i o n s .  Hindered r o t a t i o n  of t h e  polar  t a r g e t s  (suggested by t i m e  
h i s t o r y  p l o t s )  i s  s tudied  by computer-made movies. 
o f f e r s  a convenient v i s u a l  means f o r  observing t h e  r e l a t i v e  motion of the  
ion-molecule p a i r .  
The c o l l i s i o n  t r a j e c t o r i e s  have been s tudied  using computer- 
This technique a l s o  
INTRODUCTION 
Capture c ros s  sec t ions  have been ca lcu la ted  f o r  ion-polar molecule 
c o l l i s i o n s ;  the i n t e r a c t i o n  p o t e n t i a l  cons i s t s  of classical ion-dipole 
p lus  ion-induced d ipole  (po la r i zab i l i t y )  terms. These capture  c ross  
sec t ions  set a rough upper l i m i t  t p  the r eac t ion  c ros s  sec t ion .  The ion- 
dipole  energy t r a n s f e r  and formation of ion-molecule c o l l i s i o n  complexes 
have been s tudied  using computer-plotter techniques. W t u a l  o r b i t i n g  of 
the  ion-molecule pa i r  and hindered r o t a t i o n  of the dipole  have a l s o  been 
s tudied  v i a  computer-made motion p ic tures .  The la t te r  i s  of p a r t i c u l a r  
i n t e r e s t  f o r  ion-molecule reac t ions  s ince  prefer red  d ipole  o r i e n t a t i o n  
favors  c e r t a i n  reac t ions .  This paper reports on r e s u l t s  obtained f o r  
ion-molecule systems of p a r t i c u l a r  i n t e r e s t  i n  mass spectrometry.. 
COLLISION TARGETS 
The polar  t a r g e t s  s tud ied  were chosen mainly because they have been 
s tudied i n  the  mass spectrometer.  
an i n t e r e s t i n g  range of c o l l i s i o n  parameters. 
involving CH3CN have been s tudied by Moran and H a m i 1 l . l  
Their  molecular constants  a l s o  cover 
Ion-molecule reac t ions  
The good 
2 
agreement between theory and mass spectromet r experimental values have 
been reported.2 Large c ross  sec t ions  ~ 6 5 0  1 2  f o r  CH30H t a r g e t s  were 
reported i n  refs. 3 and 4 f o r  low i o n  energies .  
c ross  sec t ions  reported f o r  H20 t a r g e t s  a r e  roughly 
Negative ion-molecule 
c m 2 m 5  
The dipole  moments, p o l a r i z a b i l i t i e s  and moments of i n e r t i a  as- 
signed t o  the three  t a r g e t s  a r e  given i n  Table I. CH3CN i s  a symmetric 
top whereas CH30H and H20 were approximated a s  symmetric tops.  The two 
moments of i n e r t i a  assigned f o r  each t a r g e t  were the  l a r g e s t  moment and 
the  moment about t he  symmetry ax i s .  
c r i t i c a l  for CH30H; however, fo r  H20 the  neglected moment i s  approximately 
equal t o  the  p r inc ipa l  moment.6 
sec t ions  f o r  l i n e a r  molecules and symmetric tops suggest t h a t  the c ros s  
This approximation should not be  
Previous comparison of capture  c ros s  
sec t ion  i s  independent of t a r g e t  geometry. 7 
I O N  MOLECULE INTERACTION 
The ion-molecule i n t e r a c t i o n  c o n s i s t s  of the  ion-permanent d ipole  and 
ion-induced dipole  ( p o l a r i z a b i l i t y )  terms. The f irst  term = - p e  cos y 
where p i s  the  permanent dipole  moment, e i s  the e l e c t r o n i c  charge,  y 
i s  the ion-dipole o r i e n t a t i o n  angle and r is  the ion-molecule separa t ion .  
The Langevin p o l a r i z a b i l i t y  term is  - ae2/Zr4 where a i s  the  
molecular p o l a r i z a b i l i t y  which i s  assumed sphe r i ca l ly  symmetric. The 
separate  c ros s  sec t ion  cont r ibu t ions  a r e  the  Langevin c ross  sec t ion  
and the  ion-dipole c ros s  sec t ion .  
Assuming favorable  o r i e n t a t i o n  of the d ipole ,  i . e . ,  y =  0, the c ross  
sect ion 
i s  somewhat of a maximum. I n  equations (1) t o  (3 ) ,  E i s  the  r e l a t i v e  
t r a n s l a t i o n a l  energy. 
core  p o t e n t i a l  a t  This r e f l e c t i o n  s imulates  ion-molecule re- 
puls ion due t o  the  i n t e r a c t i n g  e l e c t r o n i c  clouds.  
The ion  and molecule a r e  r e f l e c t e d  of f  a hard- 
r = rc. t 
1 
3 
COMPUTER APPROACH 
Co l l i s ion  q u a n t i t i e s  such a s  ion  ve loc i ty  and dipole  r o t a t i o n a l  energy 
a r e  p lo t t ed  using values  obtained by numerical i n t eg ra t ion .  
p lo t s  a r e  done i n  the  coordinate  system where t h e  polar  molecule i s  f ixed  a t  
the  o r i g i n q 8  The d i f f e r e n t i a l  equations of motion a r e  in tegra ted  using t h e  
va r i ab le  s tep- length Runge-Kutta scheme of Ref. 7 .  Solut ions of t he  equat ions 
include the  coordinates  f o r  movie models of the  c o l l i d i n g  par tners .  The 
i n i t i a l  condi t ions and successful  s t eps  ( f o r  va r i ab le s  and time de r iva t ives )  
a r e  s tored  i n  a p l o t t i n g  a r r ay  f o r  both computer-made t i m e  h i s t o r y  p l o t s  and 
movies. Af te r  the  i n t e g r a t i o n  i s  completed the  p l o t t i n g  subrout ines  a r e  
ca l l ed .  Each p l o t t i n g  a r r a y  contains  N + 1 values  where N i s  t h e  number of 
successful  i n t e g r a t i o n  s t e p s  ( typ ica l ly  300 t o  1000). 
The t i m e  h i s t o r y  
. 
(I 
- 
MOVIE MODEL 
The coordinate  so lu t ions  a r e  used t o  draw pro jec t ions  of the ion  and 
polar  molecule models i n  t he  center-of-mass system. I n  f i g .  1, a sample 
movie frame shows models of the ion  and dipole  wi th  a clock i n  the  upper 
r i g h t  hand co rne re9  
graphed using the IBM 360/67  computer wi th  the  CDC DD280 p l o t t e r .  
sphere b a r r i e r  i s  located a t  an ion-molecule separa t ion  
sum of the  i o n  and molecule r a d i i .  
the  model i s  var ied  proport ionately t o  the  p a r t i c l e  d i s tance  above (expanded) 
and below (contracted)  t he  X-Y plane.  The clock measures r e a l  t i m e  and moves 
a t  d i f f e r e n t  r a t e s  during a c o l l i s i o n  s ince  a va r i ab le  s tep-s ize  i n t e g r a t i o n  
rout ine  is used. 
Each frame is t raced  on a cathode-ray-tube and photo- 
A hard 
equal t o  the  rc 
The p lo t t ed  rad ius  of each p a r t i c l e  i n  
INITIAL CONDITIONS 
The i n i t i a l  condi t ions on the  dependent va r i ab le s  and t h e i r  f i r s t  t i m e  
de r iva t ives  a r e  obtained using a r ndom number generator .  T ra j ec to r i e s  were 
s tudied f o r  ion  v e l o c i t i e s  of 5x10 , lo5,  and 2x105 cm sec - l .  
were chosen from a hea t  bath a t  r o t a t i o n a l  temperature TR = 500 K. The . 
8 Target r o t a t o r s  
r e f l e c t i o n  d is tances  f o r  the  c o l l i s i o n  complex tud ies  were 2 ,  2.5, 
f o r  C O Y  HC1, and CH3CN, respec t ive ly  whereas 2 8 was used a s  a 
capture d is tance  i n  a l l  c ross  sec t ion  ca l cu la t ions .  It should be noted t h a t  
these values  a r e  somf5hat (25 percent)  less than the Van de r  Waals r a d i i  of 
t he  neu t r a l  spec ies .  
RESULTS 
I n  a l l  numerical ca l cu la t ions  the  energy equation and behavior of 
t r a j e c t o r i e s  with time r eve r sa l  were used a s  checks on the  accuracy of the  
in t eg ra t ion  rout ine .  
$ 
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Capture Cross Sections 
For each impact parameter 36 t o  50 t r a j e c t o r i e s  were ca lcu la ted  f o r  
t h e  capture c ros s  sec t ion ;  these t r a j e c t o r i e s  were t runcated once r 5 2 2. 
Unlike Langevin c o l l i s i o n s  there  i s  no al l -or-nothing answer t o  the  quest ion 
of capture i n  ion-permanent dipole  c o l l i s i o n s  f o r  f ixed i n i t i a l  impact param- 
eter.  For firred values  of energy and impact parameter t he re  i s  a p robab i l i t y  
t h a t  the system w i l l  a r r i v e  a t  an ion-molecule separa t ion  corresponding t o  'J 
capture .  The f r a c t i o n  of c o l l i s i o n s  r e s u l t i n g  i n  such a prescr ibed "minimum" 
separa t ion  we c a l l  t he  capture  r a t i o .  Such a f r a c t i o n  can be co r re l a t ed  with 
the  ion-molecule r eac t ion  p robab i l i t y .  
CH3CN + HC1. - Resul ts  of the capture  r a t i o  CR versus  b2 a r e  shown 
i n  Fig.  2 f o r  t he  CH3CN' + CH3CN c o l l i s i o n  a t  two d i f f e r e n t  r e l a t i v e  veloc- 
i t i e s .  
and two ion  v e l o c i t i e s  i n  F igs .  3 (a)  and (b) .  
or-nothing" capture  r a t i o  i s  a s t e p  func t ion  i n  both Figs .  2 and 3. 
Resul ts  a r e  shown f o r  HC1+ + HC1 a t  two d i f f e r e n t  r o t a t i o n a l  energies  
The p l o t  of the  Langevin "a l l -  
A reasonable d e f i n i t i o n  of t h e  "capture c o l l i s i o n "  c ross  sec t ion  i s  
f- 
where bo i s  the  impact parameter a t  which CR becomes zero.  The i n t e g r a l  
i s  simply the  a rea  under the  CR versus  b2 curve.  The ca lcu la ted  value 
b2 bz (eq. (l)), bp, (eq .  ( 2 ) ) ,  and the  sum b i  (eq.  (3) ) .  
Tge c ross  sec t ion  r e s u l t s  a r e  r e l a t  'vely i n s e n s i t i v e  t o  the  choice of cu tof f  
ion-molecule sepa ra t ion . ( equa l  to  2 B f o r  HC1 and CH3CN). Figures 2 and 3 
i n d i c a t e  that: the  shape of t he  p l o t s  i s  s e n s i t i v e  t o  both r o t a t i o n a l  
energy and ion  ve loc i ty .  
comparison wi th  the  Langevin predic t ion  f o r  a molecule with the  p o l a r i z a b i l i t y  
of CH3CN. 
"adiabatic" o r  maximum e f f e c t  . 
i s  compared with 
CR 
The very la rge  e f f e c t  of the dipole  is  c l e a r  from 
For HC1 the  e f f ec t iveness  o f  t he  d ipole  i s  f a r  l e s s  than the  
I n  Fig.  4(a)  the ca lcu la ted  c ros s  sec t ion  f o r  CH3CN i s  shown as  a 
func t ion  of energy and compared with var ious a n a l y t i c a l  es t imates .  The 
most obvious f ea tu re  of t h i s  f i gu re  i s  how much l a rge r  t he  ca l cu la t ed  
c ross  sec t ion  i s  than the  Langevin c ross  sec t ion .  The ca l cu la t ion  a l s o  
shows t h a t  t he  e f f e c t  of t he  dipole  i s  not as g rea t  a t  low energies  a s  
predicted on the  bas i s  of the  ad iaba t i c  approximation. The capture  c ros s  
sec t ion  sax as assumed by the  exper imenta l i s t s  i s  the  i n t e g r a l  of uc 
over a l l  ion  energ ies .  This cross  s e c t i o n  is  compared with the  ca l cu la t ed  
capture  c ross  sec t ion  Qc and observed r eac t ion  c ros s  sec t ion  QR i n  
Fig.  4(b) .  
5 
CH30H. - The p l o t s  of CR versus  b2 a r e  given fo r  t he  CH30H (sym- 
metr ic  top approximation) + CH30H+ c o l l i s i o n  i n  Figs .  5(a)  and (b) f o r  ion  
i s  p lo t ted  versus  r e l a t i v e  t r a n s l a t i o n a l  energy i n  Fig.  5 (c) .  It i s  c l e a r  
t h a t  t h i s  upper l i m i t  t o  t he  r eac t ion  c ros s  sec t ion  is  somewhat less than 
The 0-H bond does not l i e  along the  symmetry a x i s  of CH30H ( i e e m ,  CH30H i s  
not qu i te  a symmetric top) .  However, comparison of capture  c ross  sec t ions  
f o r  l i n e a r  molecules and symmetric tops suggests t h a t  add i t iona l  degrees of 
r o t a t i o n a l  freedom have l i t t l e  e f f e c t  on the  capture  p r ~ b a b i l i t y . ~  
agreement between theory and experiment ( r e f s .  1, 3, and 4) i s  not a s  
s a t i s f a c t o r y  a s  for  t he  CH3CN system but t h i s  may be due t o  systematic 
experimental e r r o r .  
v e l o c i t i e s  of 5x10 4 and lo5 cm sec-l- The corresponding cross  sec t ion  uc 
~ t h e  reported values  even a t  thermal energy (€1 = kTt fo r  Tt = 500 K ) .  
~ 
The 
H- + H20. - Stockdale e t  a l q 5  r epor t  c ross  sec t ion  values  of 5 ~ 1 0 " ~ ~  cm2 
c l  = 0.2 eV. (lower l i m i t )  a t  ion energies  of  
U M  computed f o r  H' + H20 i s  only 2 . 5 ~ 1 0 " ~ 4  em2 (250 f2) a t  
(corresponding t o  an H" ve loc i ty  of 2x106 em sec" l  
ca lcu la ted  c ros s  sec t ion  i s  only TC (36 w2) = 113 si (ske Fig. 6) .  The r a t i o  
of experimental to  ca l cu la t ed  c ross  s e c t i o n  i s  thus roughly a f a c t o r  of 45. 
This discrepancy does not appear explainable  on the bas i s  of the  usual  ex- 
perimental e r r o r s .  More c a r e f u l  experiments a r e  c l e a r l y  required t o  obta in  
r e l i a b l e  absolu te  c ros s  sec t ion  da ta .  
The ma imum cross  sec t ion  
E 1 = 0.2 e V  
However, t h e  numerically 
Co l l i s ion  Lifet imes and Hindered Rotat ion 
Tra j ec to r i e s  of the  ion-molecule p a i r  have been ca l cu la t ed  a s  w e l l  a s  
capture c ros s   section^.^,^,^^ Trajectory r e s u l t s  i n d i c a t e  t h a t  t he re  is  a 
rap id  interchange of energy between t r a n s l a t i o n a l  and r o t a t i o n a l  energy. 
This energy t r a n s f e r  suggests  the  p o s s i b i l i t y  of long-lived c o l l i s i o n  
complexes. Experimental evidence poin ts  to  the  ex is tence  of long-lived ion- 
molecule c o l l i s i o n  complexes 012913 Numerical l i f e t i m e s  a r e  only sec.  
To expla in  t h e  long experimental l i f e t i m e s  (as  long as lom7 sec)  r equ i r e s  
cons idera t ion  of add i t iona l  mechanisms including p a r t i c i p a t i o n  of i n t e r n a l  
degrees of freedom. Such long-lived complexes must, therefore ,  be formed 
by i n e l a s t i c  c o l l i s i o n s .  
For t r a j e c t o r y  s tud ie s  i t  i s  necessary t o  t r e a t  t he  short-range i n t e r -  
ac t ions  i n  some fashion.  W e  have used t h e  following extreme approximation; 
a hard inner  core ,  i . e . ,  a t  r = rc the  p o t e n t i a l  i s  stepwise i n f i n i t e .  The 
inward and outward t r a j e c t o r i e s  are symmetric (specular  r e f l e c t i o n )  f o r  the  
s i m p l e  Langevin p o t e n t i a l  a 
The s i t u a t i o n  i s  d i f f e r e n t  f o r  an ion-molecule c o l l i s i o n  involving a 
. molecule wi th  a d ipole  moment. The r o t a t i n g  d ipole  a l t e r s  the  p o t e n t i a l  f o r  
t he  outward t r a j e c t o r y ,  ou ter  tu rn ing  po in t s  can be introduced and mul t ip le  
r e f l e c t i o n s  occur.  For parameters of i n t e r e s t  i n  a c t u a l  c o l l i s i o n s  a s  many 
a s  2000 r e f l e c t i o n s  have been observed numerically with c o l l i s i o n  t i m e s  z 
as l a rge  a s  lo2 times the  s i n g l e  r e f l e c t i o n  p e r i ~ d . ~ , ~  
* 
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Resul ts  of Trajectory Calculat ions 
Resul ts  of computer c a l c u l a t i o n s  of ion-molecule c o l l i s i o n s  are shown 
i n  Figs.  7 t o  15. These t i m e  h i s t o r y  p l o t s  have been made using t h e  IBM 
360/67 computer with t h e  CDC DD280 p l o t t e r .  
a t i o n  of v e l o c i t y  and r o t a t i o n a l  energy as a funct ion of separat ion.  The 
c o l l i s i o n  shown i n  F ig .  7 ,  f o r  H C 1  + NOg+, involves a s i n g l e  r e f l e c t i o n .  
The ve loc i ty  inc reases  as t h e  sepa ra t ion  decreases t o  t h e  c r i t i c a l  value 
where the  p o t e n t i a l  energy is  a minimum. 
d r a s t i c a l l y :  t he re  i s  hindered r o t a t i o n  a t  t h e  small separat ions.  
Figures  7 and 8 show t h e  v a r i -  
The r o t a t i o n a l  energy changes 
+ The t r a j e c t o r y  of  F ig .  8 ,  f o r  CO + A r  , involves mult iple  r e f l e c t i o n s .  
Variat ion of t he  ou te r  turning point  i s  shown i n  t h i s  f i g u r e  i n  t h e  r o t a t i o n a l  
energy p l o t .  
The s implest  systems on which our  computations are based are e s s e n t i a l l y  
t r i a tomic  ( i . e ,  , diatomic r o t o r s  and monatomic ions ) .  The t r a j e c t o r i e s  do not 
l i e  i n  planes as i s  shown i n  Fig.  9 obtained from ca lcu la t ions  f o r  @O + A r  . 
This f igu re  shows a mult iple  r e f l e c t i o n  c o l l i s i o n .  
+ 
Symmetric top  d ipo la r  molecules have one more degree of freedom than 
r i g i d  r o t o r s  and t h e i r  c o l l i s i o n s  a r e  more complicated. Their t r a j e c t o r i e s  
involve more mult iple  r e f l e c t i o n s  than r i g i d  r o t o r s .  Figures 10 and 11 show 
t r a j e c t o r i e s  f o r  c o l l i s i o n s  of CH3CN with i t s  parent i on  ( i . e . ,  as regards 
ion mass). 
r o t a t i o n a l  and t r a n s l a t i o n a l  degrees of freedom than f o r  t he  l i n e a r  molecule. 
These f i g u r e s  i n d i c a t e  a more e f f e c t i v e  t r a n s f e r  of energy between 
Figures 12 t o  15 show v a r i a t i o n s  of t he  po la r  and azimuthal angles f o r  
t r a j e c t o r i e s  involving mult iple  r e f l e c t i o n s  f o r  HC1 + NO2+, CH3CN + CHsCN', 
and CO + Ar'. Figure 15 shows how d i s t a n t  some of the  ou te r  t u rn ing  po in t s  
i n  mult iple  r e f l e c t i o n  t r a j e c t o r i e s  can be.  One turning point  f o r  CH3CN + 
CH3CN' occurs a t  22 51 separat ion.  So-called "sticky" c o l l i s i o n s  involving 
a l k y l  h a l i d e  molecules have been s tud ied  i n  the  mass s ectrometer;  t hese  
c o l l i s i o n s  have l a rge  c ros s  sec t ions  i n  polar  systems . p 4  These c o l l i s i o n s  
should be s imi l a r  t o  the  CH3CN - CH3CN' c o l l i s i o n s .  
It should be noted t h a t  mult iple  r e f l e c t i o n s  a r e  a l s o  t o  be expected 
f o r  c o l l i s i o n s  involving polyatomic molecules without dipole  moments s ince  
a c t u a l  s h o r t  range p o t e n t i a l s  probably have s u f f i c i e n t  angular dependence 
i n  most cases t o  produce i n  varying degree the  same e f f e c t  a s  dipoles .  
Lifetime Considerations 
Theories of the  l i f e t i m e  of complexes have been ~ o n s i d e r e d l ~ , ~ ~  and can 
be applied t o  these cases.  These theo r i e s  assume t h a t  t he  energy of the  
complex i s  completely randomized over c e r t a i n  p a r t i c i p a t i n g  degrees of f r ee -  
dom, and the  r a t h e r  complicated nature  of our ca l cu la t ed  mult iply-ref lected 
t r a j e c t o r i e s  would suggest t h a t  such an assumption i s  reasonable f o r  our  
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cases.  Application of any theory r equ i r e s  more knowledge of t h e  p o t e n t i a l  
functions of t he  complexes than w e  have a t  present and the  discussion p r e -  
sented here  can be only fragmentary. 
f o r  the  l i f e t i m e  o f  a complex with enough energy t o  decompose is  1 7  
The simplest  “ t h e o r e t i c a l ”  expression 
a 
where ‘Go 
E i s  the  energy of t he  complex with i t s  zero point  energy taken as t h e  zero 
of energy; Eb 
a parameter determined by the  number of degrees of freedom of the  system. 
We have t h a t  E = Eb 4- E where E i s  the  r e l a t i v e  energy of c o l l i d i n g  
p a i r .  Thus T~ i s  a constant of t h e  same magnitude as the c o l l i s i o n  t i m e  
without r e f l e c t i o n s ;  i q e T ,  TO = 8 .  Eb i s  i n  t h e  range of 0.5 t o  
several  eV. For t h e  var ious c o l l i s i o n s  w e  are considering here ,  s v a r i e s  
from 0.5 t o  1.0. 
t h a t  the  c o l l i s i o n  time should be increased by a f a c t o r  of 10 to  seve ra l  
hundred by the  r e f l e c t i o n  phenomenon. 
i s  a t i m e  parameter made up of physical  constants  of t h e  complex; 
i s  the  magnitude of t he  binding energy of the  complex; s i s  
Since (Eb + E)/ E v a r i e s  from about 10 t o  500, w e  expect 
Computer-Made Movies of Ion-Dipole Co l l i s ions  
The computer-plotter s tud ie s  have been extended t o  t h e  making of motion 
p i c tu re s  of ion-dipole s ingle-  and mul t ip le - re f lec t ion  c o l l i s i o n s .  The 
c o l l i s i o n  movies provide instantaneous v i s u a l  c o r r e l a t i o n  of the  r e l a t i v e  
t r a n s l a t i o n a l  motion of t h e  p a i r  and t h e  d ipo le  r o t a t i o n a l  motion. One of 
the  most i n t e r e s t i n g  phenomena observed i n  the  movies i s  the  hindering of 
t he  r o t a t i o n a l  motion of t h e  dipole .  The th ree  polar  r o t o r s  C O Y  HC1, and 
CH3CN are seen t o  be hindered by the  incident  i on  t o  varying degrees. 1 2  
Figure 16 i s  a superposi t ion of movie frames of a CH3CN capture  c o l l i s i o n  
involving only  one r e f l e c t i o n .  It provides a c o r r e l a t e d  h i s t o r y  of ion-dipole 
i n t e r a c t i o n .  The r e s u l t s  are not presented a t  equal t i m e  i n t e r v a l s  s ince  a 
va r i ab le  s t  p-size i s  used. 
a t  5 t o  15 i is  demonstrated i n  t h e  movie. 
e n t i a 1  o r i e n t a t i o n  of t h e  negat ive end of the dipole  toward the  p o s i t i v e  i o n  
w i l l  favor 8 s p e c i f i c  chemical r e a ~ t i 0 n . l ~  
The pos t - r e f l ec t ion  hindering of the CH3CN r o t o r  
It has  been suggested t h a t  p re fe r -  
Figure 1 7  was obtained i n  t h e  same manner as Fig.  16 except i t  shows 40 
frames superimposed f o r  a mul t ip l e  r e f l e c t i o n  c o l l i s i o n .  This c o l l i s i o n  
sequence does not  show hindered r o t a t i o n  but presents  an i n t e r e s t i n g  h i s t o r y  
of t r a n s l a t i o n a l  mutual o r b i t i n g .  This mutual o r b i t i n g  of t h e  ion-molecule 
p a i r  i s  nea r ly  symmetric f o r  t h i s  s i x  r e f l e c t i o n  c o l l i s i o n .  This p a r t i c u l a r  
c o l l i s i o n  r e s u l t s  i n  approximately 0’ s c a t t e r i n g  i n  t h e  center-of-mass system. ’ 
Vibrat ional  Ef fec ts  
Numerical s tud ie s  of ion-dipole c o l l i s i o n s  have been extended t o  
c a l c u l a t i n g  the e f f e c t s  of v i b r a t i o n a l  degrees of freedom on both mult iple  
r e f l e c t i o n  probabi l i ty  and average c o l l i s i o n  l i f e t ime  . The dipole  
bond separat ion of the  o s c i l l a t o r .  Both t i m e  h i s t o r y  p lo t s  of c o l l i s i o n  
var iab les  and computer-made motion p ic tures  a r e  used t o  study the i n t e r -  
ac t ion  of the ion with the o s c i l l a t i n g  dipole .  I n i t i a l  r e s u l t s  have been 
obtained c h i e f l y  fo r  loose (thermal) o s c i l l a t o r s  with energies of 0.036 eV. 
The r e s u l t s  ind ica te  such o s c i l l a t o r s  a c t u a l l y  lower the f r a c t i o n  of mult iple  
r e f l e c t i o n  c o l l i s i o n s  fo r  CO but increase i t  f o r  CH3CN a t  impact parameters 
grea te r  than 8 1. The c o l l i s i o n  l i f e t imes  a r e  somewhat i n sens i t i ve  to  the 
presence of the o s c i l l a t o r  f o r  the 300 cases s tudied.  S t i f f  o s c i l l a t o r s  
value by cooling; t h i s  r e s u l t  (50 cases s tudied)  general ly  lower the 
i s  unphysical f o r  t a r g e t s  v i b r a t i n g  i n i t i a  l y  i n  the ground s t a t e .  
moment of the polar molecule i s  assumed Gaussian about % t e equilibrium 
"H 
CONCLUDING REMARKS 
Numerical ca lcu la t ions  have been made on severa l  d i f f e r e n t  fea tures  of 
ion-polar-molecule c o l l i s i o n s .  Calculated cross  sec t ions  a r e  i n  good t o  
s a t i s f a c t o r y  agreement with experiment fo r  CH3CN and CH30H ta rge t s .  
there  i s  considerable d i s p a r i t y  between predicted and observed values f o r  
negative ion-HZO reac t ions .  
cross  sec t ion  data;  the numerical r e s u l t s  a l so  suggest t h a t  the r o t a t i o n a l  
temperature dependence of the  cross  sec t ion  should be invest igated.  
However, 
There i s  a c l e a r  need f o r  more r e l i a b l e  absolute  
The exis tence of long-lived ion-molecule complexes ( a = - sec)  
has been demonstrated fo r  a r o t a t i n g  polar t a r g e t  with and without v i b r a t i o n a l  
e f f e c t s .  A more sophis t ica ted  model incorporat ing addi t iona l  i n t e r n a l  degrees 
should predic t  c o l l i s i o n  complex l i f e t imes  i n  b e t t e r  agreement with experiment 
( - Y O o 7  sec) .  
Preliminary ca lcu la t ions  which take thermal harmonic o s c i l l a t o r s  i n t o  account 
remain somewhat inconclusive with regard t o  l i f e t ime  e f f e c t s .  
(This conclusion i s  based on simple l i f e t ime  predic t ions . )  
T i m e  h i s t o r y  p lo t s  of ion-dipole o r i e n t a t i o n  angle have suggested t h a t  
considerable hindering of the dipole  occurs. Computer-made movies have proven 
valuable i n  demonstrating hindered r o t a t i o n  i n  ion-dipole c o l l i s i o n s  v i a  
instantaneous c o r r e l a t i o n  of t r a n s l a t i o n a l  and r o t a t i o n a l  motion. Super- 
imposed movie frames provide time h i s t o r i e s  of t h i s  hindered r o t a t i o n  and 
mutual o r b i t i n g  of c o l l i s i o n  par tners .  
the appl ica t ion  t o  more complicated processes such as ion-molecule reac t ions  
and charge exchange. I n  such processes i t  i s  qu i t e  c l e a r  t h a t  r e l a t i v e l y  
long-lived complexes must be involved. 
An u l t imate  objec t ive  of t h i s  work i s  
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Figure 1. - Sample movie frame. 
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Figure 2. - Variation of capture rat io wi th square impact parameter for 
CH3CNf f CH3CN system. The symmetric top target rotators are dis- 
tributed at temperature TR = 500 K. Bars indicate variation of calcula- 
t ion  wi th different random number sets. 
(a) v = 105 cmlsec. 
rotators distributed at temperatures TR 500 and 1000 K; 50 coll isions were studied per 
point. 
(bl v 5.5~104 cmlsec. 
Figure 3. - Variation of capture rat io wi th square of impact parameter for l inear HCI target 
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(a) Comparison of numerical ly calculated cross sections oc for methyl cyanide- 
parent ion col l ision wi th  various theoretical cross sections. All cross sections 
are plotted as functions of ion translat ional energy for one rotational tempera- 
t u r e  TR * 500 K; electronic polarizability u, 3.8 A3; dipole moment p, 3.92 
Debye units. 
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(b) Comparison of numerical capture cross section Qc wi th  
experimentally assumed capture cross section Qma, and 
observed reaction cross section for methyl cyanide-parent 
ion col l ision as function of maximum ion energy E,,. 
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(b) CH30Ht + CH30H capture; v = lo5 cm sec-l. 
Figure 5. - Variation of capture rat io wi th free-particle impact parameter for rotational temperature 
of 500 K. Methyl  alcohol parent-ion collision. 
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(c) Comparison of integrated numerical  
capture cross section Qc with exper- 
imentally observed capture cross 
section QR for methyl alcohol 
parent-ion collision. 
Figure 5. - Concluded. 
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Figure 6. - Variation of capture rat io wi th  free-particle 
impact parameter for rotational temperature of 500 K. 
H- + H20 capture collision; P = 0.2 eV; 
v = 6.36~105 cm sec-l; 50 transectories per point. 
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Figure 7. - Variation of ion velocity and polar molecule 
rotational energy dur ing NO;+ HCI single reflection 
capture collision. 
ION-MOLECULE SEPARATION IN a 
h 
(b) 
Figure 8. - Variation of ion  velocity and polar molecule 
rotational energy dur ing Ar+ + CO mult iple reflection 
capture collision. 
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Figure 9. - Variations of polar angle 8 for translat ional 
motion of A r t  relative to CO molecule dur ing mult iple 
reflection capture collision. 
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Figure 10. - Variation of ion  velocity and polar 
molecule rotational energy du r ing  methyl 
cyanide-parent ion mult iple reflection 
capture collision. 
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Figure 12. - Variation of polar angle for translat ional motion 
of CH3CNf relative to CH$N molecule dur ing mult iple re- 
flection capture collision. 
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Figure 11. - Variations of dipole moment vector and ion- 
dipole orientation angle dur ing CH3CN-CH3CN+ mult iple 
reflection capture col l ision with several t u r n i n g  points. 
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Figure 13. - Variations of aximuthal angle q~ for transla- 
t ion motion of NO; relative to  HCI molecule dur ing 
mult iple reflection capture collision. 
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Figure 14. - Variation of ion projections t rac ing transla- 
t ional motion in Ar+ + CO capture col l ision with 
mult iple reflections. 
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Figure 16. - Superposition of 15 movie frames 
for single reflection CH3CN parent-ion collision. 
Ion-molecule pair are designated in pre-reflection 
positions; motion i s  traced du r ing  and after re- 
flection. 
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Figure 15. - Variation of azimuthal angle (0 for translat ional 
motion of CH3CNf relative to CH3CN molecule dur ing 
mult iple reflection capture col l ision wi th  maximum t u r n i n g  
point of 16 A. 
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Figure 17. - Superposition of 40 movie frames 
demonstrating mutual  spiraling of ion and 
molecule in CH$N-parent ion mult iple 
reflection col l ision wi th  zero degrees net 
scattering. 
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